Dissolved gas analysis (DGA) is considered as one of the most effective techniques to diagnose transformer incipient faults. With the increasing applications of alternative liquids in transformers, fault gas generation characteristics of the liquids were investigated in laboratory under simulated faults. Immersed heating method has been widely used to simulate thermal faults, of which the complete fault temperature range was hardly achieved. In this paper, pool boiling theory was introduced to explain the underlying reason that why the complete fault temperature range cannot be achieved using immersed heating method. There are three stages in pool boiling including natural convection region, nucleate boiling region and film boiling region. The Nukiyama temperature of a mineral oil was found to be 330ºC. This is the highest stable temperature achieved by the immersed heating method in T2 region, beyond which the heating element temperature is unstable and hence temperature measurement is unreliable. The Nukiyama temperature of an ester liquid was found to be 390ºC, which is higher than that of the mineral oil due to its higher boiling point. The findings imply that the previously published T2 DGA results obtained using immersed heating method at reported temperatures beyond the Nukiyama temperature have likely been in T3 region near to the melting temperature of the heating element (normally higher than 1000ºC).
INTRODUCTION
DISSOLVED Gas Analysis (DGA) is considered as one of the most effective techniques to diagnose transformer incipient faults. At the early stage, fault diagnoses based on the gases observed after failures of mineral oil filled transformers were attempted in the 1920s [1] . By 1956, a detailed fault assessment methodology based on the free gas collected from Buchholz relay had been developed [1] . It was then realised that the slowly developing faults would also generate gases which would be mostly dissolved in the oil. In the 1970s, analysis of dissolved gas was applied in plant monitoring and supervision of suspected faulty plant [1] . Four major steps were suggested in a DGA process: oil sampling, dissolved gases extraction, gas analysis and results interpretation. DGA was then found effective in diagnosing and preventing transformer incipient faults [2, 3] .
Normally, DGA focuses on transformer thermal and electrical faults [4, 5] . Analysis on the fault types of a group of transformers indicated that the thermal faults took up nearly 80% of the number of total fault types [2] . Therefore, it is important to understand thermal fault characteristics of alternative transformer liquids. Thermal faults refer to transformer faults whose hotspot temperature could cause the insulation materials or metals thermally decompose. Thermal faults used to be classified into four levels in early version of IEC 60599 which were < 150ºC, 150 -300ºC, 300 -700ºC and > 700ºC [6] . In the latest version of IEC 60599, thermal faults were classified into three levels: T1 (< 300ºC), T2 (300 -700ºC) and T3 (> 700ºC) [7] . The latter classification is widely accepted in many diagnostic techniques, such as Roger's Ratio method, Duval Triangle method and IEC Ratio method [8] . The latest IEC 60599 also addressed an in-depth description of the thermal faults: thermal faults below 300ºC (T1) were identified if paper has turned brownish; above 300ºC and below 700ºC (T2) if paper has carbonized; and above 700ºC (T3) were proved by oil carbonization, metal coloration or fusion [7] .
In the 1970s, the ratio between ethylene and acetylene was found capable of differentiating between thermal and electrical faults [4] . Starting from this concept, various DGA fault diagnostic methods were developed based on different gas ratios. In addition, Duval Triangle method was introduced as a graphic method based on percentage combination of three fault gases [9] . These diagnostic methods were all established on DGA data from transformers with actual faults. The DGA results of faulty equipment were collected and the fault types and severities were identified by visual inspections [10, 11] .
A thermodynamic assessment of gas formation in faulty transformers was performed theoretically in [12] . In this model, the oil molecules involved were assumed to be totally decomposed and the decomposition products are in equilibrium under several defined reactions [12] . This work theoretically proved that the ratios of several fault gases would change with fault temperature increasing, which led to the development of Roger's ratio method. A more comprehensive thermodynamic study was published where all oil molecule reactions were taken into consideration including primary and secondary decompositions [13] . At the same period, gas generation at certain temperature of thermal faults was studied by analysis of oil decomposition products in pyrolyzer [14] . However, both the theoretical assessment and oil pyrolysis study found that the gas generation characteristics are slightly different from DGA data collected from faulty transformers. The reason might be that the thermal faults in transformers are more miscellaneous than theoretical analysis or pyrolysis study. In real transformers, the oil contains a wider range of saturated and unsaturated hydrocarbon molecules than those are assumed in the thermodynamic assessment. In addition, in transformer thermal faults, the temperature is likely to distribute with gradient rather than a pure hotspot temperature which is quite different from the pyrolysis study. Therefore, neither the theoretical thermodynamic assessment nor the experimental pyrolysis study could fully reflect the fault gas characteristics in real transformers.
In the past two decades, DGA experiments under laboratory simulated faults were conducted in order to investigate the gas generation characteristics of various transformer liquids under different types and levels of faults [15] [16] [17] [18] . Immersed heating method was commonly used to generate thermal faults. However, it was reported that the complete temperature range of thermal faults is difficult to be achieved using the immersed heating method. For example, most immersed heating element in mineral oils could only generate thermal faults up to 400ºC and a higher heating energy might lead to inhomogeneous temperature distribution or burnout of the heating element [16, 18] .
In this paper, a thermal fault test system was established based on the immersed heating method. DGA of a mineral oil Gemini X and a synthetic ester liquid MIDEL7131 was carried out under different conditions. The underlying mechanism of using immersed heating method to simulate thermal faults is explained according to the pool boiling theory. The achievable temperature ranges using the immersed heating method for both the mineral oil and the ester liquid were quantified.
EXPERIMENTAL DESCRIPTION

TEST SETUP
A sketch of the DGA thermal fault test system is shown in Figure 1 . A leakage-free test cell was manufactured with the lid having a 120º reverse funnel shape for ejecting all the air bubbles when filling the oil. A SERVERON TM8 multi-gas on-line DGA analyzer was used to measure the dissolved gas content of the oil. The oil volume in the test system is 2.95 litres. The oil is sampled from the lower part of the test cell into the DGA analyzer and returned back through the upper part. In such oil circulation configuration, the free gas bubbles if there is any can be constrained at the top of the test cell and not pumped into the DGA analyzer. In addition, the oil flowing through the gas phase increases the rate of free gas being dissolved into oil. The air bleeding pipe with a 50 mL syringe is connected to the top of the test cell via a three-way valve. The oil bleeding pipe and syringe have three major functions: 1) during oil filling process air can be pushed out through the bleeding pipe and the syringe can be used to replace air bubbles by oil in order to produce a pure oil system; 2) during heating experiments the syringe works as an expansion vessel to relieve thermal expansion pressure of oil and maintain the whole system under atmosphere pressure; 3) oil can be sampled for laboratory measurements from the bleeding pipe.
Before filling the oil, the test system was pressurised with air to positive 100 mbar. Within 24 hours the positive pressure in the test system decreases to 84 mbar, which confirms the acceptable sealing condition.
The material of heating element is Kanthal A-1. It is alloyed with iron, aluminium and chromium which has higher resistivity and melting point (1400ºC) compared with normal copper wire heating element. The heating element is in a coil shape made by 0.6 mm wire. The size of the coil is 0.5 cm in diameter and 7 cm in length. A piece of ceramic thermocouple insulator was tightly inserted into the coil. A thermocouple was embedded in the ceramic insulator which measures the temperature of the heating element. Other thermocouples were located around the heating element to monitor temperature distribution around the heating element.
TEST PROCEDURE
The experimental procedures are illustrated in Figure 2 . Before heating, dissolved gas contents were measured by the TM8 on-line DGA monitor as the background gas level. Subsequently, the thermal fault was generated by injecting controlled input power into the heating element during the heating period. In the heating period, the oil expanded into the syringe. When reaching the capacity limit of the syringe, the heating needed to be ceased. The oil was mixed and cooled by circulation until the expanded oil flew back into the test cell, then the heating could be restarted. This was repeated until the total heating time reaches the designated fault duration. Finally, the gas contents were measured again with the TM8 on-line monitor as gas level after thermal fault. The absolute gas generation amount was calculated from the difference between the gas level after thermal fault and the background gas level. The whole procedures were repeated at another thermal fault level by varying the input power. In a T3 thermal fault, free gas was generated. It needs to be noticed that the free gas volume is measured by the syringe after T3 thermal fault in order to calculate the total gas amount. In the first fault level (T1), the heating element is powered for about 8 minutes each time followed with 30 minutes cooling period. The total heating duration is 40 minutes after five cycles of heating and cooling. In the second fault level (intended T2), the heating time is about 3 minutes each time followed with 30 minutes cooling period. The total heating duration is 12 minutes after four heating and cooling cycles. In the third fault level (T3), heating duration each time is only about 8 to 10 seconds as considerable amount of gas bubbles are generated. The cooling period is still 30 minutes. The total duration for this simulated fault is about 30-50 seconds depending on whether the heating element is burnt or whether the free gas generation exceeds the syringe volume. In other words, the heating duration of T3 fault level is less controllable compared with T1 and T2.
Previous tests indicated that the fault gases in the system would reach quasi-equilibrium state three to five hours after the thermal fault [16] . This was based on the phenomenon that the detected gas concentration was usually increased in the initial two hours after the thermal fault and then reached a plateau. Therefore, the gas level after the thermal fault is calculated from the average of detection values during the plateau period.
DGA MEASUREMENT
The on-line DGA monitor used in this study detects fault gases with a laboratory graded GC system. It circulates the oil continuously at a flow rate of about 250 mL per minute. The oil flows through the extractor in which the dissolved gases are extracted from the oil. The gases are then sent into detector by carrier gas and analyzed.
To confirm the reliability of the DGA results measured by the on-line DGA monitor, the same oil samples were measured by a third-party professional oil analytical laboratory according to standardized procedures.
The on-line DGA monitor provides fault gas measurements with ±5% accuracies. According to Round Robin tests over multiple laboratories, the reproducibility of conventional laboratory measurements with headspace method is 18% at medium gas concentration and 37% at low gas concentration [7] . Comparison between the on-line DGA and laboratory DGA measurements of oil samples used in this study is shown in Table 1 . There are two groups of DGA results compared in Table 1 . The first group of the oil samples were obtained after a T1 fault and the second group of the oil samples were obtained after a T3 fault. The relative difference D is calculated as (Online DGA -Lab DGA average) / (Lab DGA average). For ethane (C 2 H 6 ) and acetylene (C 2 H 2 ) in the T1 fault group, the absolute differences are provided due to the very low concentrations, which is an acceptable presentation [19] .
The differences between the on-line monitor and laboratory measurements are within ±20%, which agrees with the observations reported for routine concentration levels in [19] .
This confirms that the on-line DGA results in this work are reliable. In addition, adequate dissolved gas contents are necessary to mitigate the detection errors.
GAS IN TOTAL CALCULATION
In the sealed oil circulatory system, gas-in-total concentration of a certain type of gas can be calculated according to the detected gas-in-gas concentration in headspace and the gas/liquid phase volume ratio when the system reaches equilibrium state. Calculation method is shown in Equation (1) 
where, the GIT and GIG are the gas-in-total and gas-in-gas concentrations in ppm, respectively; K(T) is the Ostwald solubility coefficient at the extractor; β is the volume (phase) ratio between gas phase and liquid phase; T 1 , P 1 are temperature and pressure at the extractor in Kelvin and psi, respectively; T 0 , P 0 are temperature and pressure under standard condition, i.e. 298 K and 14.7 psi, respectively [20, 21] . Either the relative gas amount (ppm) or the absolute gas amounts (µL) are closely related to temperature and pressure. The dissolved gases measured by the on-line DGA monitor are extracted at operational extractor temperature and pressure and need to be converted to unified condition [20] . Hence, the unit of DGA is temperature and pressure dependent. There are commonly two temperature conditions of unit for DGA results, all of which are at standard atmosphere pressure: 0ºC (STP) and 20ºC (IEC) [19] . In this paper, the condition of unit of DGA results is 20ºC (IEC).
EXPERIMENTAL RESULTS
EXPERIMENTAL PHENOMENA
At steady state, the heating element temperature is related to the input power. The relationship between heating element temperature and input power in Gemini X is shown in Figure  3 . The heating element temperature increases with input power below 300 W. However, it becomes stable or "saturated" above 300 W which remains in between 320ºC and 330ºC. In this saturation region, the temperature cannot be increased even with a large increment of input power. If the input power keeps rising, e.g. approaching 1200 W, the temperature along the heating element would suddenly become inhomogeneous and the hotspot temperature might reach higher than 1000ºC.
The experimental phenomena at different stages (a), (b) and (c) are shown in Figure 4 , which correlate to the same legends marked on the heating element temperature curve in Figure 3 .
When the input power is below 300 W, the heating element temperature is lower than 300ºC. During the heating, there is only gentle convection observed near the heating element as shown in Figure 4a . With input power increasing into the "saturated" region, surrounding oil starts vaporizing and generates strong oil convection as shown in Figure 4b . At input power approaching 1200 W, the heating becomes inhomogeneous. Some sections on the heating element emits visible light due to the radiation heat transfer where the pale yellowish color indicates the temperature is higher than 1000ºC as shown in Figure 4c . In this case, a large amount of free gas bubbles are generated. 
POOL BOILING THEORY
Pool boiling is defined as boiling from a heated surface submerged in a large volume of stagnant liquid [22] . The immersed heating in the DGA thermal fault experiments resembles a pool boiling process. The pool boiling theory can be explained by immersed heating in water as an example. The relationship between heating element surface heat flux and the heater surface temperature is defined as the "boiling curve". The boiling curve of heating in water is shown in Figure 5 [22] . There are in general four regimes on the boiling curve. The first regime is natural convection region A-B where the heat energy is dissipated by water natural convection. The second regime is nucleate boiling region B-C where the difference between temperature of heating element surface and water saturation temperature is sufficient to initialize vapor nucleation. As the vaporization normally absorbs large amount of energy, in this regime the surface heat flux increases rapidly but with minimal heat surface temperature increase. The point of critical heat flux (CHF) indicates the upper limit of nucleate boiling regime. The temperature at the CHF point is known as the Nukiyama temperature. The third regime is transition boiling region C-D. In this regime, the heater surface temperature exceeds the CHF point. The strong interaction between vapor stream and water around the heater restricts the adequate supply of subcooled water to dissipate the heating energy. Therefore, the heat dissipation efficiency starts to decrease. On the boiling curve, the temperature increases with surface heat flux decreasing. In the transition boiling region, the heater surface is covered by unstable vapor bubbles. The fourth region is film boiling region D-E. In this region, the heater is covered by a stable vapor film. The heat is transferred through the vapor film and it is dominated by radiation heat transfer. Therefore, the heater surface temperature would significantly increase with increasing surface heat flux. [22] In practical situation, if the input power of heater is individually controlled, the heating process will follow the first and second regimes of the boiling curve, i.e. from A to C. Once it reaches the CHF point C, the heater surface temperature is 35ºC higher than the water saturation temperature. Any small increment of input power might cause a sudden jump of heater surface temperature to the point C'. The C' is the next practical stable point after C. In other words, the boiling curve would jump from C to C' and the transition boiling regime is actually missing. At the C' point, the heater surface temperature is nearly 1150ºC. In many investigations of the boiling curves of water, heater failures are caused due to extreme high temperature at C' point which is also named as "burnout" [22, 23] .
In summary the temperature range of transition boiling regime is "missing" in the immersed heating process. The upper limit of stable temperature is limited by the Nukiyama temperature at the critical heat flux (CHF) point which depends on the boiling point of the liquid. Beyond the CHF point, the heater temperature will suddenly jump to film boiling regime at temperature higher than 1000ºC where most heaters might burnout. If the melting point of the heater is higher than the temperature at the C' point, the material could survive at this point e.g. as shown in Figure 4 (c). It should be noticed that the temperature distribution could be quite inhomogeneous in the practical film boiling regime.
BOILING CURVE OF MINERAL OIL
Boiling curve of the mineral oil used in this study Gemini X is tested and shown in Figure 6 . It is plotted in the same format as the boiling curve of water shown in Figure 5 . When the input power is below 300 W (25 W/cm 2 ), the boiling curve is in natural convection region where the heater temperature is below the oil boiling temperature. Once the input power is higher than 300 W, nucleate boiling is initialized with vapor bubbles generated. In the nucleate boiling region, the heater surface temperature remains between 320ºC and 330ºC even with input power largely rising up. After the input power approaches 1200 W (102 W/cm 2 ), the heating becomes inhomogeneous as shown in Figure 4 (c). This is in the film boiling region. Since the temperature is measured by thermocouple inserted in the centre of the heating element, it reflects the average temperature rather than surface hotspot temperature. Hence, the measured temperature in the film boiling region could not reflect the highest temperature. It was proved that the pool boiling phenomenon exists in immersed heating process in oil. In Gemini X, the temperature in the nucleate boiling region is between 320ºC and 330ºC. Then the temperature would suddenly jump to a temperature above 1000ºC where the heating is inhomogeneous and the heating element is likely to burnout.
In the nucleate boiling region, the heating element temperature is constant with a large increment of input power. The extra energy is dissipated by the vaporization as well as severer convection than in natural convection region. This was proved by the gas generation results shown in Figure 7 . In this study, the heating element was heated to nucleate boiling region with three different input powers from 403 to 612 W where the input power increased by 50%. However, the gas generation results are comparable. This proved that the increment of input energy did not increase the temperature of the heating element in the nucleate boiling region and hence not contribute to fault gas generations. The energy was dissipated through physical processes such as vaporization and convection. 
BOILING CURVE OF ESTER LIQUID
In addition, the boiling curve of a synthetic ester MIDEL7131 was obtained and compared with that of the mineral oil as shown in Figure 8 . In the natural convection region, the boiling curves of both liquids almost overlap with each other. In the nucleate boiling region, the heater surface temperature in MIDEL7131 is between 380 and 390ºC. In the film boiling region, the heating is inhomogeneous. The measured temperature might not reflect the highest surface temperature. When the Gemini X is heated to film boiling region, the measured temperature is higher than 1000ºC. This might be due to that red-hot zone is coincidentally near to the thermocouple location. In the MIDEL7131, the highest measured temperature is only about 410ºC. This is the case that the red-hot zone is not near to the thermocouple location. However, the film boiling region can be verified visually by the red-hot zone appeared on the heating element.
In the nucleate boiling region, the "saturated" temperature of heating element in MIDEL7131 is different from that of Gemini X. This might be due to the different boiling points. Gemini X is a type of naphthenic based mineral oil. Since the conventional mineral oil is a mixture of multiple types of hydrocarbon compounds, the boiling point is not a constant value. For Gemini X, the boiling point is above 250ºC [24] . The highest temperature in the nucleate boiling region is known as Nukiyama temperature. The Nukiyama temperatures of a range of n-alkanes from pentane to hexadecane were investigated. They were found to be about 40ºC higher than the boiling point [25] . Therefore, the temperature of heating element in the nucleate boiling region could be higher in the liquid with higher boiling point. The boiling point of MIDEL7131 is believed to be higher than that of Gemini X. The results indicated that there is about 60ºC difference between the Nukiyama temperature of Gemini X and MIDEL7131.
DGA RESULTS IN NATURAL CONVECTION AND
NUCLEATE BOILING REGIONS The total gas generation rates of both liquids in natural convection region averaged from three repeated tests are shown in Figure 9 . The input power is about 200 W. The total fault gas generation rates from Gemini X and MIDEL7131 are 318 ppm/hour and 267 ppm/hour, respectively. It can be seen that the total gas generation rates in both liquids are comparable in natural convection region under the same fault energy. Methane (CH 4 ) is mostly generated from Gemini X as the major hydrocarbon gas. MIDEL7131 generates less hydrocarbon gases than Gemini X with ethane (C 2 H 6 ) as the major hydrocarbon gas. The total gas generation rates of both liquids in nucleate boiling region averaged from three repeated tests are shown in Figure 10 .In this case, the generation rates of total fault gases and hydrocarbon fault gases from Gemini X are 1685 ppm/hour and 407 ppm/hour, respectively. Those from MIDEL7131 are 4119 ppm/hour and 1780 ppm/hour, respectively. Therefore, the total gas generation rates from MIDEL7131 are much higher than that from Gemini X with the similar input power. The major hydrocarbon gas for MIDEL7131 is ethane (C 2 H 6 ) while methane (CH 4 ) for Gemini X. In addition, MIDEL7131 generates more carbon oxides than the Gemini X. The reason is that the heating element temperature in the nucleate boiling region is higher in liquids with higher boiling point, e.g. MIDEL7131. In other words, the fault gas generation could be different under the transformer thermal faults with similar fault energy if the oil is changed. For example, in this experiment, the thermal fault in Gemini X in nucleate boiling region is closer to a T1 fault while T2 in MIDEL7131. 
GAS GENERATION IN FILM BOILING REGION
In the film boiling region, the input power is higher than 1200 W. The total gas generation rates of Gemini X and MIDEL7131 averaged from three repeated tests are shown in Figure 11 . In this situation, the temperature distribution along the heating element is quite nonuniform where the hotspot temperature could be higher than 1000ºC with red-hot phenomenon. The location and area of the red-hot are difficult to estimate, so the standard deviations of these results are larger than the results in natural convection and nucleate boiling regions.
According to the pool boiling theory, the burnout temperature is not relevant to the liquid properties in film boiling region. In Gemini X, hydrogen (H 2 ) and hydrocarbon gases such as ethylene (C 2 H 4 ) and methane (CH 4 ) are largely generated. In MIDEL7131, the hydrocarbon gases are significantly less and carbon oxides are much more compared to the mineral oil. This indicated that the carbon oxides were generated from oil decomposition process of MIDEL7131 because there are considerable amount of oxygen atoms in the synthetic ester oil. Acetylene (C 2 H 2 ) as the key indicator of T3 thermal fault is generated in both liquids.
In the film boiling region, a large amount of free gas was generated. Therefore, it is noted that the reported hydrogen values could be underestimated because the hydrogen is difficult to be dissolved back into the oil when it is evolved into free gas in the present test setup. 
PRACTICAL IMPLICATION
The temperature of immersed heating element is limited by the pool boiling phenomenon. In conventional mineral oils, the boiling point is normally in the range of 250ºC to 300ºC. The Nukiyama temperature is hence between 290ºC and 340ºC. Once beyond this temperature, the heating would jump into the film boiling region where hotspot temperature is higher than 1000ºC. The complete temperature range of transformer thermal faults is hard to achieve with the immersed heating method. Therefore, previously reported T2 thermal fault results at the temperature above the Nukiyama temperature of the tested mineral oil based on immersed heating method [16, 18] might need to be re-interpreted.
The phenomenon that the heating wire was easily burnout and a large amount of free gases were evolved at 400ºC in the DGA thermal experiment [16] could be explained as the heating element had already been in film boiling region and the measured temperature was not accurate. In other DGA thermal experiments, the fault gas generation at 400ºC seems to be a T3 fault according to Duval triangle method where the percentage of methane, ethylene and acetylene is 38.7, 51.4, and 9.9%, respectively [18] . This could also be due to the actual heating element surface temperature was much higher than the reported 400ºC. The actual fault temperature might be above 800ºC due to the significant amount of acetylene generation [7] . In natural ester liquids, the stable heating element temperatures achieved were higher than that in mineral oils [16, 18] . It could also be explained by the pool boiling theory that the boiling point of the natural ester liquids is much higher than that of the mineral oils.
Based on the pool boiling theory, the heating element would be in nucleate boiling region in a wide range of input powers. According to the previous discussions, the low boiling point of an insulating liquid limits the stable temperature achieved from immersed heating element in the nucleate boiling region. The immersed heating element in a liquid with higher boiling point can achieve higher stable temperature in the nucleate boiling region. This coincidently affects the temperature range that can be achieved in the so called T2 thermal faults (300-700 ºC). Hence, it is necessary to measure the boiling curves of transformer liquids in order to know their Nukiyama temperatures and the range of thermal fault temperatures that can be achieved.
In addition, the boiling point of a liquid is relevant to the surrounding pressure. The Antoine equation is a semiempirical correlation which describes the relationship between vapor pressure and boiling temperature [26] . For example, the boiling point of hexadecane under an atmosphere pressure is 286ºC while 320ºC under a 2 bar absolute pressure. Therefore, if an immersed thermal fault in nucleate boiling region occurs at the bottom of the transformer, the temperature could be higher than that at the top due to the difference of surrounding oil pressures.
CONCLUSION
In this paper, the underlying mechanism of immersed heating thermal faults was discussed based on the pool boiling theory. In general, there are three regions of the heating process: natural convection, nucleate boiling and film boiling. In the natural convection region, the heating element temperature increases with input power increasing. In the nucleate boiling region, the heating element temperature is almost constant with input power increasing. The extra energy is dissipated by the vaporization and strong oil convection. Once the input power exceeds the critical heat flux (CHF) point, the temperature distribution along the heating element would become inhomogeneous and the hotspot temperature reaches the burnout temperature. Therefore, the immersed heating method could not reach temperature range between the Nukiyama temperature (330ºC for the tested mineral oil and 390ºC for the tested synthetic ester) and the burnout temperature (normally higher than 1000ºC).
The Nukiyama temperature depends on the boiling point of the liquid. The higher the boiling temperature, the higher the heating element temperature could reach in nucleate boiling region. Measurements of pool boiling curve including the Nukiyama temperature of various transformer liquids become necessary for interpreting DGA results of thermal faults using immersed heating methods.
